A. Miller. TRPM2 is an ion channel that modulates hematopoietic cell death through activation of caspases and PARP cleavage. Am J Physiol Cell Physiol 290: C1146 -C1159, 2006. First published November 23, 2005 doi:10.1152/ajpcell.00205.2005.-TRPM2 is a Ca 2ϩ -permeable channel activated by oxidative stress or TNF-␣, and TRPM2 activation confers susceptibility to cell death. The mechanisms were examined here in human monocytic U937-ecoR cells. This cell line expresses full-length TRPM2 (TRPM2-L) and several isoforms including a short splice variant lacking the Ca 2ϩ -permeable pore region (TRPM2-S), which functions as a dominant negative. Treatment with H2O2, a model of oxidative stress, or TNF-␣ results in reduced cell viability. Expression of TRPM2-L and TRPM2-S was modulated by retroviral infection. U937-ecoR cells expressing increased levels of TRPM2-L were treated with H2O2 or TNF-␣, and these cells exhibited significantly increased intracellular calcium concentration ([Ca 2ϩ ]i), decreased viability, and increased apoptosis. A dramatic increase in cleavage of caspases-8, -9, -3, and -7 and poly(ADP-ribose)polymerase (PARP) was observed, demonstrating a downstream mechanism through which cell death is mediated. Bcl-2 levels were unchanged. Inhibition of the [Ca 2ϩ ]i rise with the intracellular Ca 2ϩ chelator BAPTA blocked caspase/PARP cleavage and cell death induced after activation of TRPM2-L, demonstrating the critical role of [Ca 2ϩ ]i in mediating these effects. Downregulation of endogenous TRPM2 by RNA interference or increased expression of TRPM2-S inhibited the rise in [Ca 2ϩ ]i, enhanced cell viability, and reduced numbers of apoptotic cells after exposure to oxidative stress or TNF-␣, demonstrating the physiological importance of TRPM2. Our data show that one mechanism through which oxidative stress or TNF-␣ mediates cell death is activation of TRPM2, resulting in increased [Ca 2ϩ ]i, followed by caspase activation and PARP cleavage. Inhibition of TRPM2-L function by reduction in TRPM2 levels, interaction with TRPM2-S, or Ca 2ϩ chelation antagonizes this important cell death pathway.
and ML (2, 29) . Mammalian isoforms have six putative transmembrane domains and a putative pore loop between the fifth and sixth transmembrane domains. They are voltage independent and are proposed to function as tetramers. A number of important physiological processes including vasoactivation, sensation, fertility, and cell proliferation involve members of the TRP family (9) . One subfamily of TRP channels has been designated the TRPM family, named after the first described member, melastatin, a putative tumor suppressor protein (11, 29, 30) . TRPM1 is expressed on melanocytes, and its expression level correlates inversely with melanoma aggressiveness and the potential for metastasis (11, 20) . Several other TRPM members may have important roles in cell proliferation, including TRPM2 (16, 47) , TRPM5 (38) , TRPM7 (1) , and TRPM8 (42) .
TRPM2, also called LTRPC-2 or TRPC7, was the second member of the TRPM subfamily to be described (31, 39) . TRPM2 has been cloned from human brain, lymphocytes, monocytes, and bone marrow (31, 34, 39, 47) and is expressed in many cell types including brain, hematopoietic cells, and the gastrointestinal tract (39) . TRPM2 channels are permeable to Na ϩ , K ϩ , and Ca 2ϩ and are activated by several second messengers (35, 39) . Intracellular ADP-ribose (ADPR) activates TRPM2 by binding to the TRPM2 COOH-terminal NUDT9-H domain, which has significant homology with NUDT9 ADP-ribose hydrolase (18, 23, 24, 35, 43) . NAD has been reported to directly activate TRPM2 (16, 39) , but the predominance of evidence suggests that NAD activates TRPM2 through conversion to ADPR (35, 36, 43) . Intracellular Ca 2ϩ further sensitizes cells to gating by ADPR (27) . Extracellular signals that activate TRPM2 include oxidant stress, application of H 2 O 2 , and TNF-␣ (16, 43) . Whether these stimuli activate TRPM2 directly through production of second messengers such as ADPR or through unidentified mechanisms is currently under investigation.
In addition to full-length TRPM2 (TRPM2-L), three physiological TRPM2 splice variants have been identified in human hematopoietic cells: TRPM2-S (47), TRPM2-⌬N (43) , and TRPM2-⌬C (43) . TRPM2-S (short) has a deletion of the entire COOH terminus, including four of six COOH-terminal transmembrane domains and the putative Ca 2ϩ -permeable pore, and functions to inhibit TRPM2-L activity (47) . TRPM2-⌬N has a deletion of amino acids 538 -557 in the NH 2 terminus. HEK 293 cells expressing TRPM2-⌬N fail to respond to H 2 O 2 or ADPR, suggesting that the TRPM2-⌬N mutation dominantly disrupts channel gating, channel assembly, or surface trafficking (43) . TRPM2-⌬C has a deletion of amino acids 1292-1325 in the COOH-terminal CAP domain of NUDT9-H, decreasing affinity for ADPR (43) . HEK 293 cells expressing TRPM2-⌬C respond to H 2 O 2 but not to intracellular application of ADPR, suggesting that oxidative stress may activate TRPM2 through a mechanism independent of ADPR. The role of the latter two splice variants in susceptibility to cell death is not known.
Here we examined the mechanism through which TRPM2 induces death after cells are exposed to oxidative stress or TNF-␣. We used a subclone of the human monocytic cell line U937 that was stably transfected with an ecotropic retroviral receptor (U937-ecoR). This cell line endogenously expresses TRPM2-L and TRPM2-S and is susceptible to cell death induced by H 2 O 2 or TNF-␣ (15) . To confirm the function of TRPM2 in this cell line, expression of TRPM2-L was modulated by retroviral infection. Treatment of cells expressing increased TRPM2-L with H 2 O 2 or TNF-␣ resulted in increased intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) and numbers of apoptotic cells, and cell viability was reduced. The mechanism leading to induction of cell death involved increased cleavage of procaspases-8, -9, -7, and -3, as well as poly(ADP-ribose) polymerase (PARP). Inhibition of the rise in [Ca 2ϩ ] i with the intracellular Ca 2ϩ chelator BAPTA blocked caspase activation and PARP inactivation, demonstrating that this cell death pathway requires a rise in [Ca 2ϩ ] i . Increased expression of TRPM2-S blocked the rise in [Ca 2ϩ ] i in response to H 2 O 2 or TNF-␣ and enhanced cell survival, consistent with the role of TRPM2-S as an inhibitor of endogenous TRPM2-L activity (47) . Downregulation of endogenous TRPM2-L with RNA interference (RNAi) confirmed the physiological role of TRPM2 in susceptibility of cells to death.
EXPERIMENTAL PROCEDURES

Culture of cell lines and human BFU-E-derived cells. Jurkat, K562
, and AML-193 cells were obtained from and cultured under conditions recommended by the American Type Culture Collection (Manassas, VA). 293T cells were cultured in DMEM with 10% FBS. U937-ecoR cells, a cell line stably expressing ecotropic receptor for retrovirus and generated in the laboratory of L. Penn, were cultured in ␣-MEM with 10% FBS. Peripheral blood from volunteer donors was obtained under protocols approved by the Pennsylvania State University College of Medicine and Geisinger Clinic Institutional Review Boards. Human BFU-E were cultured, and BFU-E-derived erythroblasts were harvested as described previously (46) .
RT-PCR of TRPM2 splice variants in human primary cells and cell lines. RNA was prepared from human cell lines and BFU-E-derived erythroblasts. RNA from CD34 ϩ cells and fresh monocytes was purchased from AllCells (Foster City, CA). cDNA was prepared from RNA with the Superscript first-strand synthesis system (Invitrogen, Carlsbad, CA). RT-PCR was routinely performed for 35 cycles (denaturation at 94°C for 30 s, annealing and extension at 68°C for 3 min). RT-PCR of GAPDH was performed for only 25 cycles. A set of primers was identified that specifically recognized the TRPM2-S isoform: 5Ј primer, 5Ј-TGTGCGAGGAGATGCGGCAGTAG-3Ј; 3Ј primer, 5Ј-CAGGATGTTGGTGAAGAGCAGGTA-3Ј. Primers used to document expression of all TRPM2 isoforms were 5Ј primer, 5Ј-TCGGACCCAACCACACGCTGTA-3Ј; 3Ј primer, 5Ј-CGTCAT-TCTGGTCCTGGAAGTG-3Ј. Primers used to detect expression of TRPM2-⌬C and TRPM2-⌬N isoforms were described previously (43) . Primers used to document expression of TRPM2 isoforms after retroviral infection with pCLXSN-GFP were TRPM2 (L/S): 5Ј primer, 5Ј-TCCCTCTACAAGCGTTCCTCAG-3Ј (no. 129), 3Ј primer, 5Ј-TCCTCCTTGGACAGCTCCTTCAG-3Ј(no. 128); and TRPM2-S: 5Ј primer (no. 129), 3Ј primer, 5Ј-TAGAAGGCACAG-TCGAGG-3Ј (no. 187, in pCLXSN vector). Primer 187 recognizes a sequence in the BGH reverse priming site, which is present in pCLXSN vector as a result of subcloning the TRPM2-S fragment from the pcDNA3.1/V5-His-TOPO vector. Control GAPDH primers used in RT-PCR were 5Ј primer, 5Ј-ATGACCACAGTCCATGCCAT-CACTG-3Ј; 3Ј primer; 5Ј-GGTCTTACTCCTTGGAGGCCATGT-3Ј. Control 18S rRNA primers were reported previously (47) . Primers to document expression of the pSuppressorRetro Vector Neo gene were 5Ј primer, 5Ј-CTTGCTCCTGCCGAGAAAGT-3Ј; 3Ј primer, 5Ј-TTCGCTTGGTGGTCGAATG-3Ј.
Overexpression of TRPM2 with retroviral infection. The retroviral vector pCLXSN was modified to express green fluorescent protein (GFP) from the SV40 promoter. TRPM2 isoforms TRPM2-S and TRPM2-L were subcloned into pCLXSN-GFP and expressed from the cytomegalovirus (CMV) promoter. Retroviral pCLXSN vector with or without TRPM2 isoforms was packaged by transfecting 293T cells, using Fugene6 with pCLXSN, pCL-Eco (Imgenex, San Diego CA), and cmv.G encoding VSV glycoprotein (32). Twenty-four hours after transfection, the medium was removed and replaced with DMEM. Forty-eight hours after transfection, the viral supernatant was harvested and filtered. U937-ecoR cells were infected by spinning 1 ϫ 10 6 cells with the viral supernatant in six-well plates at 1,800 rpm for 45 min at room temperature with 8 g/ml polybrene, followed by incubation at 37°C. At 24 h after infection, the viral supernatant was removed and cells were washed. Seventy-two hours after infection GFP fluorescence was determined to assess infection efficiency, and cells were used in proliferation and survival experiments.
Immunolocalization of TRPM2 in U937-ecoR cells. U937-ecoR cells were placed in wells of Lab-Tek Permanox chamber slides precoated with fibronectin. After 2 h, cells were washed three times with PBS, fixed with paraformaldehyde, and permeabilized in 0.05% Triton X-100 in PBS for 2 min on ice. After being washed three times, cells were stained with primary antibody (1:50) in 5% milk in Tris-buffered saline for 1 h at room temperature. Anti-TRPM2-N recognizes TRPM2-S and TRPM2-L, and anti-TRPM2-C recognizes only TRPM2-L (47). Anti-TRPM2-C antibody was used to document localization of endogenous and retrovirus-expressed TRPM2-L in U937-ecoR cells. Slides were stained with secondary goat anti-rabbit Alexa 488 Fluor (Molecular Probes, Eugene, OR; 1:200) or donkey anti-rabbit rhodamine red (ImmunoResearch Laboratories, West Grove, PA; 1:200) for 30 min in the dark. To detect retrovirusinfected TRPM2-S, cells were stained with anti-V5 (Invitrogen; 1:200) and secondary donkey anti-mouse Cy5 antibody (ImmunoResearch Laboratories; 1:200). Coverslips were mounted with Vectashield mounting medium with or without 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) or propidium iodide (Vector Laboratories, Burlingame, CA). Images were acquired with a Leica TCS SP2 confocal microscope or with a Nikon Eclipse TE2000 microscope equipped for epifluorescence.
Immunoblotting of whole cell lysates. For Western blot analysis, whole cell lysates were separated on 8% polyacrylamide gels, followed by transfer to Hybond-C Extra membranes (Amersham Biosciences, Piscataway, NJ). Blots were incubated with anti-TRPM2-N (1:250) (47), anti-TRPM2-C (1:300) (47) (14) . This allowed detection of endogenous TRPM2 protein.
Measurement of [Ca 2ϩ ]i with digital video imaging. U937-ecoR cells were infected with the empty pCLXSN vector or with pCLXSN into which TRPM2-L or TRPM2-S was subcloned. Successful infection of single U937-ecoR cells with pCLXSN vector was verified by detection of GFP (excitation 478 nm, emission 535 nm) with our fluorescence microscopy-coupled digital video imaging system (6, 7, 28) . To study changes in [Ca 2ϩ ]i in infected cells, we were not able to use fura-2 as the detection fluorophore because its excitation and emission wavelengths overlap with GFP. Instead, we used the fluorescent indicator Fura Red (excitation 440 and 490 nm, emission 600 nm long pass), a dual-wavelength excitation probe (25, 44 
, where Rmin and Rmax are minimum and maximum R, respectively, after calibration of Sf2/Sb2 is the ratio of fluorescence proportionality coefficient obtained at 490 nm excitation under Rmin (Sf2) and Rmax (Sb2) conditions and KЈ D is the apparent Ca 2ϩ Fura red dissociation constant, as described previously (8) .
Assays of cell viability. Cell viability was assessed by Trypan blue exclusion. Proliferation was assessed with the CellTiter 96 AQueous One Solution cell proliferation assay (Promega, Madison, WI), which uses 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS). Apoptosis was also assessed with Vibrant Apoptosis Assay Kit no. 2 (Molecular Probes). Apoptotic cells were labeled with annexin V conjugated to Alexa Fluor 488 or 594 and detected by fluorescence microscopy.
Flow cytometric analysis for detection of apoptotic cells. Annexin V-PE Apoptosis Detection Kit I (BD Biosciences) was used to detect apoptotic and dead cells based on the manufacturer's protocols. Cells were stained with annexin V-PE to detect phosphatidylserine externalized on the surface of apoptotic cells and with 7-amino-actinomycin (AAD) to identify nonviable cells, followed by flow cytometry. Cells that are annexin V-PE Ϫ and 7-AAD Ϫ are alive and not undergoing measurable apoptosis, cells that are annexin V-PE ϩ and 7-AAD Ϫ are in early apoptosis, and cells that are annexin V-PE ϩ and 7-AAD ϩ are in late apoptosis or necrosis or are dead. Downregulation of TRPM2 by RNA interference. A vector (pSU-PER) was prepared by modification of pCMV-Script; the fragment between the VspI and MluI sites was removed and replaced with the H1 RNA polymerase promoter. Three oligonucleotide sequences for generation of hairpin RNAs that target three different TRPM2 sites were designed as templates. The sequences of these three oligonucleotides, based on the TRPM2 sequence (GenBank Accession no. AB001535) were 1) nucleotides 508 -526, CAGAAGGGTCACT-GACCTGTTCAAGAGACAGGTCAGTGACCCTTCTG; 2) nucleotides 539 -561, AATCTCCGGCGCAGCAACAGCAGTTCAAGAGA-CTGCTGTTGCTGCGCCGGAGATTT; and 3) nucleotides 612-632, AAGAAAGCCTCAGTTCGTGGATTCAAGAGATCCACGAACT-GAGGCTTTCTTT. Sequences complementary to the M13 forward (CAGGAAACAGCTATGACGGATCC) and reverse (TTTTTAAG-CTTCTGGCCGTCGTTTTAC) primers were added to the 5Ј or 3Ј ends, respectively, during oligonucleotide synthesis. M13 forward and reverse primers were used to amplify these three DNA fragments, and the PCR products were first cloned into the PCR2.1-TOPO TA vector and then subcloned into pSUPER by using BamHI and HindIII sites, respectively. These small interfering (siRNA) constructs in pSuper were used to transfect 293T cells to determine the most effective siRNA construct for use in U937-ecoR cells.
The retroviral vector pSuppressorRetro (Imgenex, San Diego, CA) was used to infect U937-ecoR cells. Oligonucleotides for generation of hairpin RNA in cells were designed based on the manufacturer's recommendations. RNAi targeted to TRPM2 nucleotides 612-632 was used in these experiments, and RNAi targeted to luciferase was used as a negative control. The sequences of the double-stranded oligonucleotides used to create TRPM2 siRNA are 5Ј-TCGAAAGAAAGCCTCAGTTCGTGGAttcaagagaTCCACGAACTGAGGCTTT-CTTTTTTT-3Ј and 5Ј-CTAGAAAAAAAGAAAGCCTCAGTTCGTGGAtctcttgaaTCCACGAACTGAGGCTTTCTT-3Ј; the XhoI and XbaI sites, respectively, are underlined. For siRNA targeted to luciferase, the sequences are 5Ј-TCGAAACGTACGCGGAATACTTCGATTttcaagagaAATCGAAGTATTCCGCGTACGTTTTTTT-3Ј and 5Ј-CTAGAAAAAAACGTACGCGGAATACTTCGATTtctcttgaaAATCGAAGT-ATTCCGCGTACGTT-3Ј (12) . Two oligonucleotides for each RNAi were annealed in vitro and then inserted into linearized vector pSuppressorRetro. Recombinant pSuppressorRetro was packaged by transfecting 293 T cells with Fugene6 with pCL-Eco and cmv.G encoding VSV glycoprotein (32). U937-ecoR cells were infected as described above.
Statistics. All results are means Ϯ SE. Statistical significance was determined by unpaired Student's t-test or by one-way analysis of variance.
RESULTS
Expression of TRPM2 in human hematopoietic cell lines and primary cells.
TRPM2 expression has been demonstrated in lymphocytes, granulocytes, and hematopoietic cell lines by RT-PCR (18, 39, 43, 47) . To examine the expression and function of TRPM2 in hematopoietic cells, selected as a model for other lineage-committed cells (39), RT-PCR was performed with RNA isolated from Jurkat (T cell lymphoblast), K562 (chronic myelogenous leukemia), AML-193 (acute monocytic leukemia), and U937-ecoR (monocytic leukemia) cell lines. RNA was also isolated from primary human hematopoietic cells at different stages of maturation, including CD34 ϩ progenitor cells purified from human bone marrow, monocytes enriched from human peripheral blood (CD14 ϩ ), and erythroblasts harvested at day 10 of culture of human peripheral blood erythroid progenitors (BFU-E) (45) . Expression levels of TRPM2 isoforms were equalized by comparison to GAPDH expression. TRPM2, detected by primers that recognize all isoforms, was highly expressed in Jurkat, K562, AML-193, and U937-ecoR cells and in primary CD34 ϩ cells and monocytes (Fig. 1A) . Expression of the TRPM2-S, TRPM2-⌬C, and TRPM2-⌬N splice variants was studied with specific primers for each isoform. RNAs for TRPM2-S and TRPM2-⌬C but not TRPM2-⌬N were detected in U937-ecoR cells. Expression of endogenous TRPM2 protein was examined in U937-ecoR cells with confocal microscopy (Fig. 1B) . Immunofluorescence demonstrated expression of endogenous TRPM2 at or near the cell membrane of U937-ecoR cells.
Susceptibility of U937-ecoR cells to death induced by oxidative stress or TNF-␣.
The susceptibility of U937-ecoR cells to death was examined by treating them with 1 mM H 2 O 2 , a model of oxidative stress, or with 100 ng/ml TNF-␣. This resulted in a significant and time-dependent decrease in cell viability, measured by Trypan blue exclusion (Fig. 1C) , that was statistically significant at 6 h. At 24 and 48 h, further decreases in cell viability were observed.
TRPM2-L enhances and TRPM2-S suppresses susceptibility to cell death induced by H 2 O 2 or TNF-␣.
The role of TRPM2-L and TRPM2-S in cell death induced by H 2 O 2 and TNF-␣ in U937-ecoR cells was determined before examining the mechanism. TRPM2-S rather than TRPM2-⌬C was selected for study because of its function as a dominant-negative isoform (47) . To modulate expression levels, U937-ecoR cells were infected with the empty retroviral vector pCLXSN-GFP or pCLXSN-GFP expressing TRPM2-L or TRPM2-S. GFP fluorescence was observed in the majority of cells ( Fig. 2A) , demonstrating the high infection efficiency. Although GFP fluorescence was routinely greater in TRPM2-L-than TRPM2-S-expressing cells, excellent expression of TRPM2-L or TRPM2-S was documented by both RT-PCR and Western blotting (Fig. 2, B and C) . No PCR bands were detected without the reverse transcriptase step, demonstrating the specificity of the RT reaction (Fig. 2B, panel 1, lanes 1-3) . Endogenous TRPM2 expression was detected in U937-ecoR cells with primers that recognize both TRPM2-L and TRPM2-S ( (Fig. 2B, 4th panel,  lanes 1-3) . Western blot analysis demonstrated increased expression of TRPM2-L (171 kDa) or TRPM2-S (95 kDa) protein in infected U937-ecoR cells (Fig. 2C ) compared with endogenous levels. The Western blots shown in Fig. 2C were probed with anti-GFP antibody and showed highest expression of GFP in cells infected by empty vector, with less expression in cells infected with vector also expressing TRPM2-L or TRPM2-S, consistent with the immunofluorescence studies in Fig. 2A . Although lower expression of GFP was observed in all experiments in cells infected with pCLXSN expressing TRPM2-S, three different experiments showed excellent TRPM2-S protein expression by Western blot analysis. Expression of retrovirus-expressed TRPM2-L and TRPM2-S at or near the plasma membrane, as well as in the cytoplasm, was confirmed by immunofluorescence and confocal microscopy (Fig. 2D) .
The proliferation of U937-ecoR cells was examined in cells expressing increased levels of TRPM2-L or TRPM2-S by measurement of MTS tetrazolium bioreduction (Fig. 3A) . Even without treatment, a significantly lower level of activity was detected in cells expressing TRPM2-L compared with cells infected with empty vector (P Ͻ 0.003). The proliferation of cells expressing TRPM2-S was significantly higher than that of cells expressing TRPM2-L (P Ͻ 0.0001). The proliferation of cells expressing TRPM2-S was greater than that of cells expressing empty vector, but this did not reach statistical significance in the absence of stress or a negative stimulus.
The ability of TRPM2-L or TRPM2-S to modulate cell death induced by oxidative stress (H 2 O 2 ) or TNF-␣ was then determined. At 72 h after infection with empty pCLXSN retroviral vector or virus expressing TRPM2-L or TRPM2-S, U937-ecoR cells were treated with 0 or 1 mM H 2 O 2 or 100 ng/ml TNF-␣. Cell viability was assessed by Trypan blue exclusion at 6 and 24 h, and representative results are shown in Fig. 3 , B and C. The mean viability of untreated control cells at 6 and 24 h was reduced after infection with the pCLXSN retroviral vector (Fig. 3, B and C) compared with uninfected U937-ecoR cells (Fig. 1A) . However, even in untreated cells, increased expres- RT-PCR was performed on RNA isolated from 293T, Jurkat, K562, AML-193, and U937-ecoR cell lines and from primary CD34 ϩ cells, BFU-E derived erythroblasts at day 10 of differentiation, and peripheral blood monocytes. Primers specifically identified TRPM2, variants TRPM2-S, TRPM2-⌬C, and TRPM2-⌬N, and GAPDH. RT-PCR was performed twice with similar results. WT, wild type. B: localization of endogenous TRPM2 in U937-ecoR cells was determined by immunofluorescence with confocal microscopy after staining with anti-TRPM2-N or anti-TRPM2-C antibodies or nonspecific serum and with goat anti-rabbit Alexa 488 secondary antibody. A representative result of 3 similar experiments is shown. C: U937-ecoR cells were treated with 0 or 1 mM H2O2 or 100 ng/ml TNF-␣, and cell viability was assessed by Trypan blue exclusion at 0, 6, 24, and 48 h after treatment. *Cell viability was significantly reduced in a time-dependent manner after 6, 24, and 48 h of treatment with H2O2 or TNF-␣ (P Ͻ 0.03, P Ͻ 0.001, P Ͻ 0.0001, respectively). Results shown are representative of 4 experiments.
sion of TRPM2-L resulted in significantly reduced cell viability (P Ͻ 0.02). At 6 h after treatment with 1 mM H 2 O 2 or 100 ng/ml TNF-␣, cells expressing TRPM2-L had cell viability reduced to 24 Ϯ 1% and 46 Ϯ 2%, respectively, a significant reduction compared with cells infected with vector alone (P Ͻ 0.02) or TRPM2-S (P Ͻ 0.001) (Fig. 3B) . At 24 h, there was a further decrease in cell viability to 11 Ϯ 1% after treatment with H 2 O 2 (P Ͻ 0.001) and to 27 Ϯ 1% after treatment with TNF-␣ (P Ͻ 0.02) (Fig. 3C) . Similar results were observed in three experiments, confirming the involvement of TRPM2-L in mediating cell death in response to oxidative stress or TNF-␣. In contrast, cells expressing TRPM2-S had significantly higher viability after treatment with H 2 O 2 or TNF-␣ than either cells expressing vector alone (P Ͻ 0.05) or cells expressing in- creased levels of TRPM2-L (P Ͻ 0.001) (Fig. 3, B and C) . These data demonstrate that TRPM2-S is able to inhibit cell death in response to TNF-␣ as well H 2 O 2 (47) . We previously determined (47) that although TRPM2-S directly interacts with TRPM2-L, TRPM2-S does not change the intracellular localization of TRPM2-L. Here we performed immunofluorescence to examine the intracellular localization of endogenous TRPM2-L in cells infected with empty pCLXSN-GFP vector or pCLXSN expressing TRPM2-S (Fig. 3D) . GFP fluorescence identified successfully infected cells, but Alexa Fluor 488 could not be used as the secondary antibody because its excitation and emission wavelengths overlap with those of GFP. Endogenous TRPM2-L detection was less intense when anti-rabbit rhodamine red was used as the secondary antibody. However, no change in the intracellular localization of endogenous TRPM2-L was observed in U937-ecoR cells expressing retroviral TRPM2-S compared with empty vector.
To examine the role of TRPM2 in induction of apoptosis in response to oxidative stress or TNF-␣, U937-ecoR cells expressing increased levels of TRPM2-L or TRPM2-S were treated with 0 or 1 mM H 2 O 2 or 100 ng/ml TNF-␣. Apoptosis was assessed at 6 h after treatment by labeling cells with Alexa Fluor 594 annexin V conjugates; annexin V binds to phosphatidylserine on the surface of early apoptotic cells. A visual representation of results is shown in Fig. 4A . Treatment of cells expressing increased levels of TRPM2-L with H 2 O 2 resulted in a higher percentage of early apoptotic cells (41%, 108 cells counted) compared with cells infected with vector alone (25%, 97 cell counted). Cells expressing increased TRPM2-S demonstrated barely detectable apoptosis (13%, 145 cells counted). Results were similar after treatment with TNF-␣ (not shown). Viability of U937-ecoR cells was also measured 6 h after treatment with 1 mM H 2 O 2 by staining with annexin V-PE and 7-AAD, followed by flow cytometry (Fig. 4B) . In Figure 4B , bottom, shows a representative profile of 2 ϫ 10 5 cells stained with annexin V-PE. In these three experiments, positive staining was detected in 37 Ϯ 1% of cells infected with empty vector, 57 Ϯ 1% of cells infected with vector expressing TRPM2-L, and 29 Ϯ 1% of cells infected with vector expressing TRPM2-S. The viability of cells expressing TRPM2-L was significantly lower (P Ͻ 0.001) and the number of apoptotic cells was significantly higher (P Ͻ 0.001) compared with cells expressing empty vector or TRPM2-S. In contrast, the viability of cells expressing TRPM2-S was significantly higher (P Ͻ 0.001) than cells expressing vector alone. Three separate experiments performed in triplicate showed similar results. These results confirm that TRPM2-L enhanced cell death after oxidative stress or TNF-␣ treatment, whereas expression of TRPM2-S preserved cell viability.
TRPM2-S inhibits calcium influx in U937 cells in response to oxidative stress or TNF-␣.
We established a system to examine regulation of calcium influx through individual TRPC in single cells (7, 8, 47) . U937-ecoR cells were infected with empty pCLXSN retroviral vector or pCLXSN expressing TRPM2-L or TRPM2-S. Successful infection of individual U937-ecoR cells infected with empty pCLXSN vector (vector) or pCLXSN expressing TRPM2-L or TRPM2-S were treated with 0 or 1 mM H2O2 or 100 ng/ml TNF-␣ for 6 h. Cells expressing TRPM2-L demonstrated significantly reduced cell viability (P Ͻ 0.02), whereas cells expressing increased TRPM2-S demonstrated significantly enhanced cell viability (P Ͻ 0.05). C: U937-ecoR cells described in B were treated with 0 or 1 mM H2O2 or 100 ng/ml TNF-␣ for 24 h. Cells expressing TRPM2-L demonstrated significantly reduced cell viability (P Ͻ 0.02), whereas cells expressing increased TRPM2-S demonstrated significantly enhanced cell viability (P Ͻ 0.001). Experiments in B and C were repeated 3 times with similar results. **Significant differences between groups (P Ͻ 0.05). D: U937-ecoR cells infected with pCLXSN empty vector or vector expressing TRPM2-S were stained with anti-TRPM2-C antibody and donkey anti-rabbit rhodamine red to detect endogenous TRPM2-L. Representative results after confocal microscopy are shown. GFP fluorescence in cells expressing TRPM2-S from pCLXSN is demonstrated. cells was confirmed by detection of GFP with our digital video imaging system. The Fura red fluorescence intensity ratio (F 440 /F 490 ) was measured in single cells with digital video imaging at baseline and at intervals over 20 min after exposure to 1 mM H 2 -8, -9, -3, and -7 and PARP cleavage. The mechanism of induction of cell death after TRPM2 activation was examined with U937-ecoR cells infected with pCLXSN empty vector or pCLXSN expressing TRPM2-L or TRPM2-S. Cell lysates were prepared from cells that were untreated or treated for 6 h with H 2 O 2 , and immunoblotting was performed with antibodies to caspases-8, -9, -3, and -7, PARP, and Bcl-2. Treatment with H 2 O 2 resulted in cleavage of procaspases-8, -9, -3, and -7, which was much greater in cells overexpressing TRPM2-L (Fig. 6 ). These experiments demonstrate that both extrinsic and intrinsic death pathways are involved in TRPM2-mediated apoptosis, leading to activation of caspases-3 and -7 (33) . Caspase cleavage of the 116-kDa PARP protein to an 89-kDa polypeptide is an indicator of cells undergoing apoptosis. Enhanced cleavage of PARP was observed in cells overexpressing TRPM2-L and decreased cleavage in cells overexpressing TRPM2-S. Bcl-2 levels were unchanged and confirmed equal loading of total protein in each lane of the Western blots.
We then examined the role of [Ca 2ϩ ] i in mediating cell death through TRPM2. U937-ecoR cells were loaded with the intracellular Ca 2ϩ chelator BAPTA-AM before treatment with (Fig. 7B) . In contrast, the viabilities of cells incubated with 1 mM H 2 O 2 and 10 M BAPTA-AM were 82 Ϯ 1% and 53 Ϯ 1% for vector-infected and TRPM2-expressing cells, respectively. Buffering of the rise in [Ca 2ϩ ] i with BAPTA-AM in TRPM2-expressing cells inhibited H 2 O 2 -induced cleavage of procaspases-8, -9, -3, and -7 and reduced inactivation of PARP (Fig. 7C ). These data demonstrate the critical role of the increase in [Ca 2ϩ ] i in induction of hematopoietic cell death by H 2 O 2 through TRPM2.
Downregulation of endogenous TRPM2 with RNAi. To examine the role of endogenous TRPM2 in H 2 O 2 -or TNF-␣-mediated cell death, three siRNA oligonucleotides were designed that were targeted to the 5Ј coding region of TRPM2. The effectiveness of siRNA in reducing TRPM2 expression was first characterized in 293T cells. 293T cells were cotransfected with the pSuper vector expressing siRNA oligonucleotides targeted to TRPM2 and with TRPM2-L in pcDNA3. Western blotting with anti-TRPM2-C antibody (47) revealed suppression of heterologous TRPM2 protein expression with all three siRNA directed to TRPM2 (Fig. 8A) . Nearly complete suppression was observed with siRNA3. None of the three siRNA targeted to TRPM2 had an effect on actin expression. To confirm the specificity of the siRNA oligonucleotides for TRPM2, 293T cells were transfected with TRPC6 in pcDNA3 (8) and with pSuper vector expressing siRNA3 directed to TRPM2. No inhibition of TRPC6 expression was observed, further demonstrating the specificity of siRNA reagents targeted to TRPM2 (Fig. 8A) .
To examine the functional consequences of RNAi-induced depletion of TRPM2 on cell viability, U937-ecoR cells were infected with pSuppressorRetro Vector expressing siRNA targeted to TRPM2 (siRNA3) or to luciferase or with empty vector. RT-PCR performed with primers directed to TRPM2 demonstrated that endogenous TRPM2 RNA was successfully downregulated by siRNA3. In contrast, TRPM2 RNA levels were unchanged in cells infected with empty vector or with retrovirus expressing siRNA directed to luciferase (Fig. 8B,  left) . RT-PCR with primers to the neomycin resistance gene present in the retroviral vector demonstrated that all groups of U937-ecoR cells were successfully infected with pSuppressorRetro (Fig. 8B, center, lanes 2-4) . The quality of the RNA preparations was confirmed by RT-PCR with primers directed to 18S rRNA (Fig. 8B, right) . Western blot analysis (Fig. 8C) and immunofluorescence (Fig. 8D ) demonstrated the ability of RNAi targeted to TRPM2 to reduce endogenous TRPM2 protein levels, which was not observed in cells expressing empty vector or TRPM2 targeted to luciferase. These studies also showed that RNAi directed to the TRPM2 significantly reduced endogenous TRPM2 protein expression in the majority of cells. To examine the functional role of endogenous TRPM2 in hematopoietic cell survival, U937-ecoR cells infected with pSuppressorRetro Vector expressing siRNAs directed to TRPM2 or to luciferase were treated with 0 or 1 mM H 2 O 2 or 100 ng/ml TNF-␣. Reduction of TRPM2 expression resulted in significant enhancement of cell viability at 24 h after treatment with H 2 O 2 (P Ͻ 0.001) or TNF-␣ (P Ͻ 0.05) (Fig. 9A) , compared with cells expressing siRNA directed to luciferase or empty vector.
To examine the functional consequences of RNAi-induced suppression of TRPM2 on induction of apoptosis after oxidative stress, U937-ecoR cells infected with retrovirus expressing siRNAs targeted to TRPM2 or to luciferase were treated with 1 mM H 2 O 2 or 100 ng/ml TNF-␣ for 24 h. Apoptosis was assessed by labeling of cells with Alexa Fluor 488 annexin V conjugates. Representative results are shown in Fig. 9B . Downregulation of endogenous TRPM2 resulted in reduced numbers of apoptotic cells (8%, 221 cells counted) compared with cells infected with empty vector (15%, 307 cells counted) or with vector expressing siRNA targeted to luciferase (18%, 283 cells counted) after H 2 O 2 treatment. Similarly, downregulation of endogenous TRPM2 resulted in a reduced number of apoptotic cells (19%, 131 cells counted) after treatment with 100 ng/ml TNF-␣ for 24 h (Fig. 9B ) compared with cells infected with empty vector (25%, 210 cells counted) or cells expressing siRNA targeted to luciferase (33%, 285 cells counted). Viability of U937-ecoR cells after downmodulation of endogenous TRPM2 was also measured 24 h after treatment with 1 mM H 2 O 2 by staining with annexin V-PE and 7-AAD followed by flow cytometry (Fig. 9C) . In Fig. 9C , top, representative flow analysis of dead cells stained with 7-AAD or apoptotic cells stained with Annexin V-PE is shown; in three experiments, We examined the effects of downregulation of TRPM2 on PARP cleavage, an end point of caspase activation, after treatment with 1 mM H 2 O 2 for 24 h (Fig. 9D) . After treatment with H 2 O 2 , much less cleavage of PARP was observed in cells in which endogenous TRPM2 had been reduced, consistent with our observations on cell viability. These results demonstrate the important role of endogenous TRPM2 in the susceptibility of hematopoietic cells to death after oxidative stress and in response to TNF-␣.
DISCUSSION
In this study, we examined the function of the cationpermeable channel TRPM2 and the mechanism through which its activation contributes to induction of cell death. Overexpression of TRPM2 in human monocytic U937 cells with retroviral infection resulted in significant increase in [Ca 2ϩ ] i , decrease in cell viability, and increase in apoptosis after exposure to H 2 O 2 or TNF-␣. In contrast, inhibition of TRPM2 function by depletion of endogenous TRPM2 by RNAi, blockade of the increase in [Ca 2ϩ ] i through TRPM2 by Ca 2ϩ chelation, or expression of the dominant-negative TRPM2-S splice variant significantly protected cell viability after exposure to oxidative stress or TNF-␣. This work emphasizes the important role of the ion channel TRPM2 in oxidative stressand TNF-␣-induced cell death by multiple approaches. Intracellular calcium is an universally important second messenger that influences many cell functions (5) . Calcium signals in cells are finely tuned, and [Ca 2ϩ ] i provides an important regulatory role, both in cell survival and proliferation and in apoptotic or necrotic cell death (33) . Recent work in hematopoietic cells suggests that the opposing effects of [Ca 2ϩ ] i on cell survival depend on the duration and amplitude of the calcium signal (3, 4) . Transient elevation of [Ca 2ϩ ] i resulted in transient activation of ERK1/2 and upregulation of Bcl-2, protecting cells from apoptosis. In contrast, high and sustained increases in [Ca 2ϩ ] i resulted in sustained activation of ERK1/2 and apoptosis. Our data demonstrate that TRPM2 ] i (Fig. 5) ] i is inhibited. RT-PCR analysis was performed 4 times with identical results. C: Western blot of lysates from noninfected U937-ecoR cells or U937-ecoR cells expressing empty pSuppressorRetro vector or RNA interference (RNAi) targeted to TRPM2 or luciferase. Blots were probed with anti-TRPM2-C and secondary donkey anti-rabbit HRP antibodies to detect endogenous TRPM2 and anti-actin antibody to demonstrate equivalent loading of lanes. D: immunofluorescence of TRPM2 expression in U937-ecoR cells. Expression of endogenous TRPM2 was determined by staining cells with anti-TRPM2-C and goat anti-rabbit Alexa Fluor 488 antibodies. 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) was used to stain DNA. Fluorescence was detected with a Nikon TE2000 microscope. Fig. 9 . Depletion of TRPM2 by RNAi suppresses cell death induced by H2O2 and TNF-␣. U937-ecoR cells were infected with empty pSuppressorRetro vector or the same vector expressing siRNA targeted to TRPM2 or luciferase. Cells were treated with 0 or 1 mM H2O2 or 100 ng/ml TNF-␣. A: cell viability was assessed by Trypan blue exclusion at 24 h. Compared with cells infected with empty vector (V) or siRNA directed to luciferase, downregulation of TRPM2 resulted in a significant increase in viability after treatment with H2O2 (P Ͻ 0.001) or TNF-␣ (P Ͻ 0.001). Representative results of 5 experiments performed with H2O2 and 3 experiments performed with TNF-␣ are shown. **Significant differences between groups; P Ͻ 0.05. B: U937-ecoR cells were infected as described in A and treated with 1 mM H2O2 or 100 ng/ml TNF-␣ for 24 h. Apoptotic cells were identified by staining with Alexa Fluor 488 annexin V conjugate. Two experiments with each factor were performed with similar results. C: the viability of U937-ecoR cells infected and treated as described in A and B was measured by staining with annexin V-PE and 7-AAD, followed by flow cytometry. Top: the x-axis indicates the intensity of annexin V-PE staining and the y-axis that of 7-AAD. Bottom: a representative profile of 2 ϫ 10 5 cells stained with annexin V-PE is shown. D: Western blotting was performed on lysates from U937-ecoR cells before and after treatment with 1 mM H2O2 for 24 h. Blots were probed with anti-PARP antibody, followed by the appropriate HRP-conjugated antibodies and ECL. Blots were stripped and reprobed with anti-Bcl-2 antibody as a control.
The second major finding of this report is the delineation of a mechanism of cell death downstream of TRPM2 activation. Our data show that TRPM2 activation results in cleavage of procaspases-8, -9, -3, and -7 and PARP. These data demonstrate a signaling cascade downstream of TRPM2 leading to cell death, involving intrinsic (caspase-9) and extrinsic (caspase-8) cell death pathways and resulting in activation of the effector caspases -3 and -7. PARP is part of a protective mechanism involved in repair of DNA damage, and inactivation of PARP in TRPM2-expressing cells by PARP cleavage further contributes to apoptosis. Consistent with our observations, involvement of caspases-8 and -3 and PARP in H 2 O 2 -induced apoptosis has previously been reported (10, 22, 26, 48) , but this is the first time this pathway has been linked to TRPM2 activation. Previously, Hara et al. (16) (21) . In addition, elevation of [Ca 2ϩ ] i has been linked to mitochondrial cytochrome c release (15) , which may result in caspase-9 activation. These are potential mechanisms through which an increase in [Ca 2ϩ ] i could activate both the intrinsic and extrinsic cell death pathways.
TRPM2 is activated by ADPR (16, 18, 35, 36, 39) , and NAD and ADPR levels are increased by oxidative stress (36, 43) . However, H 2 O 2 has been reported to stimulate calcium influx through an alternative TRPM2 splice variant with a deletion in the COOH terminus, TRPM2-⌬C, whereas intracellular application of ADPR does not (43) . This observation suggests that oxidative stress may also regulate TRPM2 through a mechanism independent of ADPR, a possibility that is unresolved (36) . PARP inhibitors have recently been reported to suppress H 2 O 2 activation of TRPM2, suggesting that TRPM2 activation by oxidative stress is dependent on PARP (13) . These data combined with ours suggest a feedback loop: TRPM2 is activated by PARP, but TRPM2 activation in turn results in PARP cleavage and inactivation. This negative feedback may partially protect the cell from death, depending on the extent of activation of other pathways downstream of caspase-3. However, PARP inhibitors are not completely specific, and there is ambiguity about the role of PARP in TRPM2 activation (36) . Further investigation is needed to delineate the pathways, particularly those involving ADPR and PARP, through which oxidative stress and TNF-␣ regulate TRPM2 channel opening.
Primary hematopoietic cells, including CD34 ϩ cells, erythroblasts derived from human erythroid progenitors (BFU-E), and human monocytes, express TRPM2 isoforms. A role in hematopoeisis has previously been demonstrated for three other ion channels: HERG potassium channels, which are involved in the proliferation of CD34 ϩ cells (37), a potassium inward rectifier (K ir ) current, which has a role in the early differentiation of CD34 ϩ cells (40) , and TRPC2, which regulates calcium influx in response to erythropoietin stimulation (7, 8) . TRPM2-like currents have been detected in primary granulocytes, and a role for TRPM2 in the oxidative burst following enhanced NAD and ADPR production and in chemoattraction of granulocytes has been proposed (18, 19) . The studies presented here demonstrate that another function of TRPM2 expression in hematopoietic cells is regulation of [Ca 2ϩ ] i , contributing to susceptibility to cell death under conditions of oxidative stress or increased TNF-␣ production.
Inhibition of endogenous TRPM2 channel function, by either downregulation with RNAi or expression of a dominantnegative splice variant (TRPM2-S), blocked calcium entry and protected cells from death after oxidative stress or exposure to TNF-␣. Modulation of TRPM2 activity may have important therapeutic potential in a number of diseases. Inhibition of TRPM2 activity may protect the viability of cells after exposure to several toxic conditions, whereas enhancement of TRPM2 activity may have utility in increasing susceptibility of cells to death, for example, in treatment of malignancy. Our studies with TRPM2 are part of an increasing body of evidence characterizing ion channels expressed in nonexcitable cells (41) . The expression of TRPM2 in many cell types including human brain, placenta, lung, and gastrointestinal tissues (16, 18, 39) suggests that studies delineating the function, regulation, and therapeutic manipulation of TRPM2 are likely to be relevant to many tissues.
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